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Abstract: We report a new class of large-gap quantum spin Hall insulators in two-dimensional 
transition metal dichalcogenides, namely, MX2 with M=(Mo, W) and X=(S, Se, and Te), whose 
topological electronic properties are highly tunable by external electric field. We propose a novel 
topological field effect transistor made of these atomic layer materials and their van der Waals 
heterostructures. Our device exhibits parametrically enhanced charge-spin conductance through 
topologically protected transport channels, and can be rapidly switched off by electric field 
through topological phase transition instead of carrier depletion. Our work provides a practical 
material platform and device architecture for topological quantum electronics. 
 
 
  
The discovery of graphene (1) leads to vigorous explorations of two-dimensional (2D) materials 
(2), revealing a wide range of extraordinary properties (3-5) and functionalities (6, 7). Owing to 
atomic thickness, 2D materials can be horizontally patterned through chemical and mechanical 
techniques (8). Moreover, the weak van der Waals (vdW) interaction between adjacent layers 
enables vertical stacking of different 2D materials, forming vdW heterostructures (9). Although 
being intensively explored for fundamental research and technological applications, the vast 
family of 2D materials and their vdW heterostructures have been largely underexploited for 
topological phases of matter (10, 11), in particular, quantum spin Hall (QSH) insulators (12-18).  
 
QSH insulators have an insulating bulk but conducting edge states that are topologically 
protected from backscattering by time reversal symmetry. Quantized conductance through QSH 
edge states have been experimentally demonstrated in HgTe/CdTe (15, 16) and InAs/GaSb (19, 
20) quantum wells. This could in principle provide an alternative route to quantum electronic 
devices with low dissipation. However, the realization of such QSH-based devices for practical 
applications is impeded by three critical factors: (a) band gaps of existing QSH insulators are too 
small, which limits the operating regime to low temperatures. This has motivated an intensive 
search for large-gap QSH materials (21-25); (b) the small number of conducting channels (e2/h 
per edge) results in a small signal-to-noise ratio; and (c) efficient methods of fast ON/OFF 
switching are lacking.  
 
Here we show that 2D materials provide a practical platform for developing novel topological 
electronic devices that can potentially overcome the above hurdles. Specifically, based on first-
principles calculations, we find a new class of large-gap (>0.1eV) QSH insulators in 2D 
transition metal dichalcogenides (TMDCs) MX2 with M=(Mo, W) and X = (S, Se, Te). We 
demonstrate the possibility of a novel vdW-heterostructured topological field effect transistor 
(vdW-TFET) made of 2D atomic layer materials. Our device exhibits a parametrically enhanced 
conductance through QSH edge channels in the ON state, and can be rapidly switched OFF via a 
topological phase transition by applying an electric field. Our findings of electrically 
configurable QSH devices have potential applications in low-power nanoelectronics, and may 
enable realistic architectures of topological quantum computing based on Majorana fermions 
(26-29).  
 
Monolayer TMDCs (30), MX2 with M = (Mo, W) and X = (S, Se, Te), possess a variety of 
polytypic structures such as 2H, 1T, and 1T’ (31, 32). These three structures are shown in Fig. 
1A, 1B, and 1C, respectively. The most studied 2H structure is a sandwich of three planes of 2D 
hexagonally packed atoms, X-M-X, where M atoms are trigonal-prismatically coordinated by six 
X atoms, forming ABA stacking with the P6m2  space-group. In contrast, the M atoms in the 1T 
structure are octahedrally coordinated with the nearby six X atoms, resulting in ABC stacking 
with the P3m1  space group. 2H- and 1T-MX2 have very different electronic properties: the 
former is a large gap semiconductor while the latter is metallic. It has been known that the 1T 
structure in MX2 is typically unstable in free-standing condition and undergoes a spontaneous 
lattice distortion in the x direction to form a 2×1 superlattice structure, i.e., the 1T’ structure, 
consisting of one-dimensional zigzag chains along the y direction shown in Fig. 1C (32). 2D 
MX2 in such 1T’ structure, which up to now has received little attention, is the subject of this 
work.  
 
The electronic structures of 1T’-MX2 were obtained by first-principles calculations based on 
many-body perturbation theory within the GW approximation (see Methods in Supplementary 
Materials). Figure 2A shows the electronic band structure of 1T’-MoS2, and the results of the 
other five compounds are shown in Supplementary Fig. S1. Unlike its 2H or 1T counterparts, 
1T’-MoS2 is a semiconductor with a fundamental gap of about 0.1 eV, located at Λ = ±(0, 0.146)  Å!! and indicated by red dots in Fig. 2B. The conduction and valence bands 
display a camelback shape near Γ in the 2D Brillouin zone (BZ, see Fig. 2B), suggestive of band 
inversion with a large inverted gap at Γ over 0.6 eV. Since the 1T’ structure has inversion 
symmetry, the Z2 band topology can be determined by the parity of valence bands at four time-
reversal invariant momenta (TRIM), Γ, X, Y and R (33). We calculated these band parity indices 
for 1T’-MoS2 (Fig. 2C) and found that the product of parity is -1. This demonstrates the Z2 
nontrivial band topology and establishes the QSH insulator phase in 2D 1T’-MX2.  
 
To understand the nature of the inverted bands near Γ, we examined their orbital characters, and 
found the valence band mainly consists of d-orbitals of M atoms (dyz and dxy), while the 
conduction band mainly consists of py-orbitals of X atoms. By analyzing the symmetry 
properties of these bands, we develop a low-energy 𝒌 ∙ 𝒑 Hamiltonian for 1T’-MX2, 
𝐻 = 𝐸! 𝑘! , 𝑘! 0 −𝑖𝑣!ℏ𝑘! 𝑣!ℏ𝑘!0 𝐸! 𝑘! , 𝑘! 𝑣!ℏ𝑘! −𝑖𝑣!ℏ𝑘!𝑖𝑣!ℏ𝑘! 𝑣!ℏ𝑘! 𝐸! 𝑘! , 𝑘! 0𝑣!ℏ𝑘! 𝑖𝑣!ℏ𝑘! 0 𝐸! 𝑘! , 𝑘! , 
where 𝐸! = −𝛿 − ℏ!!!!2!!! − ℏ!!!!2!!! , and 𝐸! = 𝛿 + ℏ!!!!2!!! + ℏ!!!!2!!!  .  Here 𝛿 < 0 corresponds to the d-p 
band inversion. By fitting with first-principles band structure in Fig. 2A, we obtain the 
parameters: 𝛿 = −0.33  eV , 𝑣! = 3.87×10!  m/s , 𝑣! = 0.46×10!  m/s , 𝑚!! = 0.50  𝑚! , 𝑚!! = 0.16  𝑚!, 𝑚!! = 2.48  𝑚!, and 𝑚!! = 0.37  𝑚!, where me is the free electron mass. 
 
In addition to MoS2, we found that all other five MX2 in the 1T’ structure: MoSe2, MoTe2, WS2, 
WSe2 and WTe2, have Z2 nontrivial band topology resulting from the above p-d band inversion 
(see Fig. S2 of Supplementary Materials), with inverted band gaps at Γ of 1.04, 0.36, 0.28, 0.94, 
and 1.17 eV, respectively. 1T’-MoSe2, WS2, WSe2 have fundamental gaps of 0.11, 0.12, and 
0.12 eV, respectively.  On the other hand, 1T’-MoTe2 and WTe2 are semi-metals due to the 
increase of valence band maximum at the Γ point (see Fig. S1 of Supplementary Materials). 
 
The QSH insulator phase in 2D 1T’-MX2 leads to helical edge states that are protected from 
elastic backscattering by TRS. To demonstrate these edge states explicitly, we carried out 
iterative Green’s function calculations using first-principles tight binding Hamiltonian (34, 35) 
constructed from many-body GW theory (see Methods in Supplementary Materials). Figure 2D 
shows the edge states of monolayer 1T’-MoS2, where a Dirac point at Γ is located inside the 
band gap with a high velocity of ~  1.0×10!m/s. The counter-propagating edge modes exhibit 
opposite spin polarizations, in accordance with the spin-momentum locking of one-dimensional 
helical electrons. From the local density of states as a function of distance away from the edge 
(Fig. 2E), we find the decay length of helical edge states around Γ is about 5 nm, which is much 
shorter than the case of HgTe quantum wells (50 nm) (36). Due to such highly localized nature, 
helical edge states in 1T’-MX2 will experience significantly reduced scattering with bulk states 
(37), and hence have increased transport lifetime. Similar results are found for five other 
TMDCs, as shown in the Fig. S3 and S4 of Supplementary Materials. 
 
From the perspective of potential device applications, the ability to control topological electronic 
properties is highly desirable. Based on first-principles calculations, we investigated the effect of 
a vertical electric field on the electronic structure of 1T’-MoS2 QSH insulator. Figure 3A 
displays bulk band structures along Y-Γ-Y under different electric fields from 0 to 0.2 V/Å, 
while Figure 3B shows the corresponding edge states. The electric field breaks the inversion 
symmetry and introduces Rashba spin splitting of the original doubly degenerate bands near the 
fundamental gap at Λ. As the field increases, the band gap of monolayer 1T’-MoS2 first 
decreases, closes at a critical field of 0.142 V/Å, and then reopens (see Fig. 4A). This induces a 
topological phase transition to a trivial insulator via Dirac fermion mass reversal (38) and thus 
leads to the destruction of helical edge states, shown in Fig. 3B. This is confirmed by our 
numerical calculation of the Z2 invariant (39). In addition to the electrical field, we also find a 
few percent of in-plane elastic strain can change 1T’-MoTe2 and WTe2 from semi-metals to 
small-gap QSH insulators by lifting the band overlap. Since monolayer 1T’-MX2 can sustain 
large elastic strains up to ~10%, mechanical strain provides an alternative route to Dirac band 
gap engineering, in addition to the electric field. 
 
The above findings of field-induced electronic transition and topology change enables all-
electrical control of the ON/OFF charge/spin conductance of helical edge states, which have 
significant implications on the design of QSH-based transistors and other novel devices (40). To 
illustrate the feasibility of device applications, we propose a topological field effect transistor 
(TFET) based on van der Waals heterostructures of 2D TMDCs and 2D wide-gap insulators 
based on the detailed phase diagram shown in Fig. 4A. The schematic device is shown in Fig. 
4B, where the top and bottom gate supply the vertical electric field to control the ON/OFF 
function. For practical applications, it is advantageous to use multilayers of 1T’-MX2 QSH 
insulators, which increases the number of edge transport channels proportional to the number of 
layers. Adjacent QSH layers are separated by 2D wide-gap insulators such hexagonal boron 
nitride (hBN) (41). The insulating hBN layers serve to electrically decouple different QSH layers 
and protect parallel helical edge channels from being gapped by inter-layer hybridization. Under 
ideal conditions, this device will support dissipationless charge/spin transport in the ON state 
(Z2=1) with a quantized conductance of 2Ne2/h, where N is the number of QSH layers. Applying 
a moderate electric field will transform 1T’-MX2 into an ordinary insulator (Z2=0) and turn the 
edge conduction OFF, see Fig. 4A.  
 
The proposed vdW-TFET may possess important technical advantages, due to its novel operation 
mechanism that is fundamentally different from traditional metal-oxide-semiconductor field-
effect transistors (MOS-FET). MOS-FET works by injecting/depleting free carrier beneath the 
gate, with a RC-type response time influenced by carrier concentration and mobility in the 
working channel, while our vdW-TFET works by switching the presence/absence of 
topologically protected conduction channels without changing the carrier density. The electric 
field induced topological phase transition can happen very rapidly, with electronic response 
timescale (42, 43). In addition, the vdW heterostructure and the 2D nature of vdW-TFET make it 
convenient to vertically and horizontally pattern devices in large scale. As the decay length of 
edge states in monolayer 1T’-MoS2 is only 5 nm, the minimum width of vdW-TFET is around 
10 nm. TFET devices of such nanoscale size have large surface-to-bulk ratio, which will greatly 
reduce the contribution of thermally populated bulk carriers to the total electric current and hence 
enhance the ON/OFF ratio.  
 
Encouragingly, from materials perspective, the desired 1T’ structure in monolayer MoS2 has 
recently been observed in high-resolution TEM experiments (32). Also, 1T’ is known to be the 
underlying ground-state structure of layered WTe2 (30). To verify the structural stability of 1T’ 
in these 2D TMDCs, we carried out first-principles calculations of energy barrier from 2H to 1T’ 
and from 1T’ to 1T. Figure 5A shows the calculated relative total energy per MX2 compared to 
their 2H structures. We found monolayer WTe2 is more stable in 1T’ structure, while the other 
five MX2, including MoS2, MoSe2, MoTe2, and WS2, WSe2, are more stable in the commonly 
found 2H structure. Nonetheless, there exists a large energy barrier of more than 1eV/MX2 
between 1T’ and 2H for all MX2, suggesting that the 1T’ structure can be stabilized under 
appropriate chemical, thermal, or mechanical conditions. Moreover, we found the 1T structure is 
highly unstable compared to 1T’, with an energy difference from 0.35 eV/MoS2 up to 0.7 
eV/WTe2. Our calculation shows no energy barrier from 1T to 1T’ structure, implying a 
spontaneous structural relaxation of 1T to 1T’ in the monolayer MX2. In addition, we verified the 
stability of the 1T’ structure by computing its phonon dispersion, shown in Fig. 5B for 1T’-MoS2 
and Fig. S5 for other 2D TMDCs. The absence of imaginary frequency throughout the 2D BZ 
provides a direct evidence of the structural stability in all 1T’-MX2.  
 
Because of its extraordinarily large inverted gap of ~0.6 eV, the QSH insulator phase in 2D 
TMDCs is robust against structural deformations and imperfections such as long-wave length 
wrinkles and ripples. Unlike HgTe/CdTe and InAs/GaSb quantum wells that require exquisite 
growth by molecular beam epitaxy, stable 2D TMDCs can be mechanically exfoliated from bulk 
materials and chemically synthesized as well. Various electronic devices based on atomic layer 
TMDCs and their vdW heterostructures have been recently demonstrated. Thus our discovery of 
topological phases of matter in 2D TMDCs opens up new directions for research and 
development in both fields.  
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Fig. 1. Atomistic structure of monolayer transition metal dichalcogenide MX2. M stands for 
(Mo,W) and X stands for (S, Se, Te). (A) 2H-MX2 where M atoms are trigonal-prismatically 
coordinated by six X atoms, forming ABA stacking with the P6m2  space-group. (B) 1T-MX2 
where M atoms are octahedrally coordinated with the nearby six X atoms, forming ABC stacking 
with the P3m1  space group. (C) 1T’-MX2, distorted 1T-MX2, where the distorted M atoms 
form one-dimensional zigzag chains indicated by the dashed blue line. Their unit cell is indicated 
by red rectangles. 
 
 
  
  
 
Fig. 2. Electronic structures of monolayer 1T’-MoS2. (A) Electronic band structure along high 
symmetry lines of Brillouin zone. Eg and 2δ represent the fundamental gap and inverted gap, 
respectively. Blue and red dots indicate the major orbital characters in the top valence band and 
bottom conduction band. The inset compares the band structures from first-principles calculation 
(black line) and the fitted 𝑘 ∙ 𝑝 Hamiltonian (red dots). (B) Brillouin zone of 1T’-MoS2. Four 
time-reversal invariant momenta are marked by black dots and labeled as Γ, X, Y, and R. The 
locations of fundamental gap are marked by red dots and labeled by Λ. (C) Parity table of 
electronic bands at time-reversal invariant momenta: Γ, X, Y, and R. (D) Edge density of states 
and (E) local density of states at Γ point as a function of penetration depth Ly away from edge 
where a clear sharp peak from the edge states appears in the gap with a decay length of ~5 nm. 
 
 
  
  
Fig. 3. Vertical electric field induced topological phase transition in monolayer 1T’-MoS2. (A) 
Bulk band structure of monolayer 1T’-MoS2 under different electric field. (B) Edge density of 
states (second row) and spin polarization (third row) under different electric field. 
  
Fig. 4. Van der Waals heterostructured topological field effect transistor. (A) Topological phase 
diagram of monolayer 1T’-MoS2 as function of vertical electric field. The critical field strength 
is !!!!"# V/Å, marked by two green dots. (B) Schematic of van der Waals heterostructured 
field effect transistor. The central component is the van der Waals heterostructure of alternating 
monolayer transition metal dichalcogenide 1T’-MX2 and mono-/multi-layer wide-gap insulators 
such as hBN. Carriers are injected from source electrode and ejected from drain electrode. 
Depending on specific application, the carriers can be charge or spin. The ON/OFF switch is 
controlled by vertical electric field through the top and bottom gates. They are separated with the 
central van der Waals heterostructure by top and bottom dielectrics to minimize the leakage 
current. (C) Schematic of working mechanism. The mono-/multi-layer wide-gap insulators such 
as hBN can effectively screen the interaction between adjacent layers of transition metal 
dichalcogenide MX2, preventing them from detrimental topological phase change. This vdW 
heterostructure can parametrically increase the number of edge channels and thus significantly 
enhance the signal-to-noise ratio in practical applications. 
 
  
 
 
 
Fig. 5. Structural stability of monolayer transition metal dichalcogenide 1T’-MX2. (A) Relative 
total energy per MX2 as a function of fractional reaction coordinate. (B) Phonon band structure 
of monolayer 1T’-MoS2.  The absence of imaginary frequency indicates the stability of 
monolayer 1T’-MoS2. 
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Methods: 
 
1. Ground-state atomic structures of monolayer transition metal dichalcogenides 1T’-MX2 
Ground-state atomic structures of all six monolayer transition metal dichalcogenides 1T’-MX2 
were fully relaxed using first-principles density functional theory (DFT) (1, 2). The calculations 
were performed by the Vienna Ab initio Simulation Package (3, 4) with projector-augmented 
wave method (5) and exchange-correlation functional in the Perdew-Berke-Ernzerhof’s form (6)  
within the generalized-gradient approximation (7, 8). We used an energy cutoff of 400 eV and 
maximum residual force less than 0.001 eV Å. The Monkhorst-Pack k-point sampling (9) of 
8×8×1  was adopted for the Brillouin zone integration, and a large vacuum region of more than 
16 Å was applied to the plane normal direction in order to minimize image interactions from the 
periodic boundary condition. Moreover, phonon dispersion curves were calculated by first-
principles density-functional perturbation theory (10) and the results are shown in Fig. 5B for 
monolayer 1T’-MoS2 and Fig. S5 for all six materials. 
 
2. Bulk electronic structure of monolayer transition metal dichalcogenides 1T’-MX2 
We first computed the electronic band structures of monolayer transition metal dichalcogenides 
1T’-MX2 using first-principles DFT. Since the calculated DFT band structures only provide 
qualitative electronic structure for quasi-particles such as electrons and holes, we further 
computed quasi-particle band structures using more accurate method, namely, many-body 
perturbation theory within Hedin’s G0W0 approximation (11, 12). The results are shown in Fig. 
2A for monolayer 1T’-MoS2 and Fig. S1 for all six materials. 
 
3. Electronic structure of edge states in monolayer transition metal dichalcogenides 1T’-MX2 
The Z2 trivial/nontrivial band topology has distinct consequence on the helical edge state. To 
reveal the helical edge states of monolayer 1T’-MX2 explicitly, we performed iterative Green’s 
function calculations (13) using tight binding Hamiltonian (14, 15) constructed from many-body 
perturbation theory with the GW approximation (11, 12), where we extracted the edge density of 
states, spin polarization, and decay length of the helical edge states.  The results are shown in 
Fig. 3 for monolayer 1T’-MoS2 and Fig. S3 and Fig. S4 for all six materials. Furthermore, to 
investigate the effect of vertical electric field on the electronic structure of monolayer 1T’-MoS2 
QSHI, we introduce a corresponding change in the diagonal elements of first-principles tight 
binding Hamiltonian. This approach is validated by comparing with direct self-consistent first-
principles calculations under the same electric field. In addition, we found the electric field has 
negligible impact on ionic positions. 
 
4. Z2 invariant of monolayer transition metal dichalcogenides 1T’-MX2 
The Z2 invariant was obtained by explicitly calculating band parity of the materials with 
inversion symmetry (16). The results are shown in Fig. 2C for monolayer 1T’-MoS2 and Fig. S2 
for all six materials. We also cross-checked all the results by the n-field method (17).  
 
  
  
 
Fig. S1. Electronic band structure of monolayer transition metal dichalcogenides 1T’-MX2. Blue 
lines stand for first-principles density-functional theory calculations. Red lines stand for many-
body G0W0 theory calculations. 
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Fig. S2. Parity tables for monolayer transition metal dichalcogenides 1T’-MX2 at time-reversal 
invariant momenta, and the corresponding Z2 invariants, 𝜈. All Z2 invariants are 1, indicating all 
six 1T’-MX2 are topologically nontrivial. 
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 Fig. S3. Electronic structure of helical edge states in monolayer transition metal dichalcogenides 
1T’-MX2. For each MX2, the left subpanel shows the density of states while the right subpanel 
shows the corresponding spin polarization. These helical edge states are a manifestation of 
nontrivial topology of monolayer 1T’-MX2. 
  
Fig. S4. Local density of states as function of penetration depth away from the edge at Ly=0 in 
monolayer transition metal dichalcogenide 1T’-MX2. Due to the semi-metallic nature of 1T’-
MoTe2 and 1T’-WTe2, local density of states from edge and bulk are entangled with each other. 
Therefore, the decay lengths of their edge states are not accessible. 
 
 
 
 
Fig. S5. Phonon dispersion curves of monolayer transition metal dichalcogenide 1T’-MX2. The 
absence of imaginary frequency demonstrates the structural stability of all six monolayer 1T’-
MX2. 
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